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CAKE-ON  KIPFKi;  IN  RKINFORCFD  PLASTICS 

Dr.  e iip.  Zbigniew  Guzek 
Electrotechnology  Institute,  Wroclaw 

1 .  Introduction 

An  elongated  fibrous  shape  of  a  reinforcing  agent  in  composite 
materials  is  one  of  the  most  desirable  forms,  since  it  permits 
imparting  directional  properties  to  the  composite  material. 

The  most  often  used  reinforcing  fibers  are  glass  fibers 
of  various  types,  such  as  E,  E  and  p.  Technical  parameters  of 
glass  fibers,  according  to  Met' -6  /I/,  are  shewn  in  Table  1. 

In  addition  to  glass  fibers,  which  have  amorphous  structure, 
some  crystalline  fibers  are  also  used  as  reinforcements.  They 
can  be  whiskers,  hairy  monocrystals,  as  well  as  polycrystalline 
oxide  fibers,  metal  fibers,  and  others. 

Owing  to  their  more  perfect  structure,  crystalline  materials 
puim.it  obtaining  fibers  with  high  mechanical  strength.  This  fact 
can  be  seen  in  technical  parameters  of  whiskers  (Table  2),  which 
are  devoid,  to  a  large  degree,  of  structural  errors  and  surface 
imperfections  /?/.  However,  the  range  of  applicability  of  such 
hairy  fibers  is  limited,  because  of  technical  difficulties  in 
their  production  and  alto  on  account  of  the  complicated  techno¬ 
logy  of  placing  very  tmull  whiskers  (13  x  10  ^  to  25  x  10  cm) 


in  ordered  manner  in  a  material  to  be  reinforced 


In  Table  2  special  attention  ie  drawn  by  outstanding 
strength  parameters  of  graphite  (position  5)  and  its  low  density 
and  great  resistance  to  high  temperatures.  Carbon,  both  in  the 
form  of  whiskers  and  also  polycrystalline  fibers,  has  large 
potential  of  applications  in  reinforcement  technology  for  composite 
materials. 

Figure  1  shows  specific  strength  (ratio  of  the  mechanical 
strength  of  material  to  its  density)  and  specific  modulus  of 
elasticity  (ratio  of  the  modulus  E  to  the  density)  for  various 
reinforcing  fibers,  including  carbon  fibers,  according  to 
Taprogge  /U/ .  Similar  values  are  reported  by  Gill  /5/ • 

The  more  graphitized  carbon  fibers  obtainable  at  elevated 
temperatures  are  called  graphite  fibers  by  some  authors.  Carbon 
fibers  and  graphite  fibers  distinguish  themselves  favorably 
among  conventional  reinforcing  materials  not  only  by  their 
tenacity,  but  also  by  low  density,  resistance  to  the  action  of 


environment,  and  preservation  of  properties  at  high  temperatures. 


2.  Production  of  carbon  fibers 


[ML 


Beginnings  of  the  production  of  carbon  fibers  are  connected 
with  the  name  Edison.  He  carbonized  materials  containing  cellulose 
and  in  appropriate  chambers  was  obtaining  carbon  filaments 
of  shape  given  to  the  carbonized  initial  material.  Other  methods 
of  obtaining  carbon  in  the  form  of  fibers  at  the  beginning  of 
20-th  century  consisted  of  spraying  cellulose  dissolved  in  zinc 
chloride  into  a  hardening  bath,  or  placing  carbon  on  a  fibrous 


Figure  1.  Specific  tenacity  <Sj^/cLand  specific  modulus  of 
elasticity  E  /dL  of  various  reinforcing  materials; 

A  -  graphite  whiskers 
B  -  ceramic  whiskers 
C  -  glass  fibers 
P  -  metal  whiskers 
F  -  metal  fibers 
F  -  carbon  fibers 
0  -  coated  metal  fibers 
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Table  1 .  Mechanical  strength,  modulus  of  elasticity  and  plastic 

deformation  of  glass  fibers. 

4  b  6 

Horizontal  headings; f Consecutive  number;/type  of  fiber; /-elongation 

strength  x  10^  N.m2;7specific*  elongation  strength  x  10^  m; 

1 0  — P  9  ** 

o  modulus  of  elasticity  x  10  N.m  ;/specific  modulus  of 
elasticity  x  10^  m;g°plaetic  deformation  % 

Vertical  headings;  1  -  Fiber  F;  2  -  Fiber  S;  3  -  Fiber  D 

*)  Specific  strength  -  strength  in  relation  to  density  tf/d.  in  m 

**)  Specific  modulus  of  elasticity  -  E/dL  in  m 
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Table  2.  Elongation  strength,  modulus  of  elasticity  and  melting 

temperature  of  whiskers  from  various  materials  /3/. 

9  n  o  12 

Horizontal  headings \t Consecutive  number; /temperature  C ; /elongation 

Q  -2  1  $  R 

strength  x  1 N.rn  ^specific  elongation  strength  x  ICr  m; 

14  modulus  of  elasticity  x  10^  N.m  ^/specific  modulus  of 
elasticity  x  10^  m 

Vertical  headings: 

1  -  Aluminum  oxide 

2  -  Aluminum  nitride 

3  -  Beryllium  oxide 

4  -  Boron  carbide 

5  -  Graphite 

6  -  Magnesium  oxide 

7  -  Silicon  carbide 

8  -  Silicon  nitride 
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base  material  through  which  electric  current  is  passed  in  a 
hydrocarbon  atmosphere. 

The  obtained  carbon  fibers  had  good  electrical  properties^ 
taking  into  consideration  applications  for  which  they  were 
intended.  However,  they  could  not  become  reinforcing  materials 
because  of  their  brittle  nature.  In  the  course  of  work  to  improve 
properties  of  these  carbon  fibers  much  has  been  learned  about 
single  parameters  of  production  process,  such  as  the  quality  of 
initial  material  (precursor),  temperatures  of  the  consecutive 
stages  of  decomposition,  rates  of  processes,  atmosphere, 
catalytic  agents,  etc. 

2.1 .  Low-strength  and  low-modulus  fibers  from  cellulose 

At  the  beginnings  of  production  of  carbon  fibers  the  most 
often  used  initial  materials  were  cellulose  and  artificial  silk. 

They  allowed  to  obtain  about  1596  carbon  in  the  process  of  pyrolysis. 

The  process  of  carbonization  of  cellulose  has  not  been 
as  yet  properly  explained  /6/.  From  their  infrared  studies 
Tang  and  paeon  /?/  establish  the  following  stages  of  decomposition: 

I.  Desorption  of  water,  occurring  at  temperatures  25-150  °C , 

II.  Dehydration  of  cellulose  itself,  at  150-240  °C , 

III.  Thermal  rupture  of  chain  and  other  C-0  bonds,  and 

formation  of  C-C  bonds  through  the  reaction  of  free 
radicals  ,  occurring  at  240-400  °C , 

IV.  Aromat j zation  above  the  temperature  400  °C . 
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The  carbonizing  fibers  do  not  lose  their  original  shape. 
Specific  properties  can  be  obtained  by  carrying  out  properly 
the  process  of  carbonization.  According  to  1J.S.  Patent  3  TOO  1,2 
the  proper  decomposition  in  the  process  of  production  of  graphite 
fibers  is  assured  by;  a  protective  atmosphere  and  the  defined 
rise  of  temperature  /8/: 

-  at  the  rate  of  10-30  °c/hour  in  the  temperature  range 
from  100  to  400  °C , 

-  at  the  rate  of  100  °C/h  in  the  range  400  to  9 00  °C, 

-  further  heating  up  to  3000  °C  till  graphitization  occurs. 

Thinner  fibers  exhibit  a  considerably  higher  strength;  this 

is  explained  by  a  relatively  easier  evolution  of  volatiles  from 
the  precursor  without  disturbing  the  structure.  An  increase  of 
strength  of  the  produced  carbon  fibers  is  obtainable  by  means 
of  increasing  the  yield  of  carbon  in  the  process  of  carbonization 
by  introducing  catalysts  into  the  protective  atmosphere,  such 
catalysts  may  be  in  the  form  of  oxygen-free  acids,  e.g.  HCl  /9/. 

2.2.  High-modulus  fibers  from  cellulose 

Carbon  fibers  obtained  by  the  method  described  in  the 
preceding  section  (2.1)  do  not  have  a  high  mechanical  strength 
and  stiffness.  When  compared  with  glass  fibers,  carbon  fibers 
have  barely  similar  stiffness,  and  their  elongation  strength 
reaches  only  20';'  elongation  strength  of  glass  fibers.  Structural 
studies  have  shown  considerable  imperfection  of  fibers  obtained 
in  this  way.  It  is  found  that  graphite  layers,  which  should  be 


-  8  - 


placed  in  t he  fiber  parallelly  to  elongated  axis,  do  not  fulfill 

this  condition  and  ;  how  large  deviations  and  faults,  in  addition, 

studies  using  an  electron  microscope  have  revealed  a  considerable 

number  of  pores  of  large  dimensions,  above  100  &.  Hence,  the 

fundamental  condition  for  improving  strength  parameters  of 

carbon  fibers  is  an  improvement  of  their  structure.  This 

conclusion  was  confirmed  by  introducing  the  step  of  stretching 

(drawing)  in  the  process  of  production  of  carbon  fibers,  the 

step  which  provides  conditions  for  obtaining  a  more  perfect 

structure.  When  the  fiber  was  extended  7%t  the  modulus  of 

i  q  _ o  1  n  —2 

elasticity  increased  from  1 .8  x  10  N.m  to  5.5  x  10  N.m  , 

1 0  -? 

and  at  the  extension  of  16%  it  rose  to  57.1  x  10  N.m 

It  is  obvious  that  orientation  of  the  layers  of  graphite  crystals 

has  the  decisive  effect  upon  the  modulus  of  elasticity  of  fibers. 

There  are  several  ways  in  which  the  process  of  graphitization 
with  simultaneous  drawing  (stretching)  of  carbon  fibers  can  be 
accomplished  at  a  temperature  near  3000  °0  /10/.  The  fiber  can 
be  parsed  through  a  refractory  graphite  pipe,  or  it  can  be 
heated  directly  by  passing  electrical  current  through  it. 

A  variable  controlled  drawl  nr  of  fibers  is  achieved  by  application 
of  different  velocities  of  unwinding  and  winding',  coupled 
with  pulling  action  of  sur pended  weights. 

The  application  of  tension  to  the  fiber  at  high  temperatures 
results  in  sliding  of  the  formed  graphite  crystals  along  each 
other,  increasing  thus  the  degree  of  their  orderly  placement. 

The  higher  is  this  extension,  the  more  regular  is  the  structure, 


the  lower  it'  th«.  porosity,  and  the  higher  is  the  modulus  of 
elasticity.  Artificial  silk  appears  to  be  the  beet  cellulosic 
precursor . 

Among  other  materials  used  successfully  as  precursors 
in  the  technology  of  making  carbon  fibers  the  leading  position 
is  taken  by  polyacrylonitrile  (PAN). 

2.3.  Carbon  fibers  from  PAN 

During  the  course  of  the  search  for  a  suitable  raw  material 
for  carbon  fibers  of  high  mechanical  strength  it  was  found 
that  a  copolymer  containing  at  least  30/'-  polyacrylonitrile  (PAN)» 
heated  to  the  temperature  about  350  °C  in  oxidizing  atmosphere 
and  then  to  800  °C  or  higher,  yields  a  carbon  or  graphite  product 
with  the  shape  of  initial  material  /II/. 

Chindo  has  shown  in  his  studies  /I 2/  that  starting  with 
PAN  one  can  obtain  carbon  fibers  with  modulus  of  elasticity 
F  =  16.9  x  10  N.m  ,  and  at  the  same  time  the  yield  of  carbon 
is  50%.  and  not  1 5°  as  it  occurs  in  the  case  of  use  of  a  celluloeic 
precursor.  There  results  can  be  obtained  without  the  application 
of  tension  (drav/inr). 

Introduction  of  a  preliminary  heating  in  ^  atmosphere 

and  introduction  of  a  slow  rate  of  temperature  rise  enabled 

to  reduce  losses  of  carbon  and  to  preserve  longer  chains.  In  this 

way,  starting  with  homopolymer  and  heating  fibers  to  1000  °C 

q  _2 

one  can  obtain  elongation  strength  0.75  x  10  N.m  .  This 

9  -2 

strength  is  0.99  x  10  N.m  when  copolymer  is  initially  used. 


If) 


Additional  steps,  such  as  heating  PAN  in  air  atmosphere 
for  2k  hours  at  the  temperature  290  °C ,  heating  in  oxygen-free 
atmosphere  up  to  1000  °C ,  and  subsequently  graphitization  at  the 
temperature  2500  °C ,  enable  to  obtain  continuous  fibers  with 
tensile  strength  1.75  x  10^  N.m  ^  /1 3/. 

As  is  known,  graphite  monocrystals  assume  closely  packed 

structure  in  hexagonal  system,  and  havl^Sensity  2.25  g/cm^. 

The  distance  between  basic  planes  is  3.354  %.•  The  carbon  obtained 

in  the  process  of  carbonization  carried  out  at  high  temperatures 

is  packed  less  densely,  and  the  distances  between  planes  are 

0 

irregular  and  higher  than  3.354  A.  This  irregular  structure 
(turbostratic )  of  carbon  undergoes  improvement  in  the  process 
of  graphitization  at  the  temperature  2000-3000  °C . 

Carbon  fibers  arising  from  PAN  precursor  are  round  and 
are  not  twisted.  The  density  is  of  the  order  of  1.32  up  to  1.96, 
hence  approaches  the  theoretical  value  /1 4/.  On  the  basis  of  the 
above  discussion  it  can  be  assumed  that  the  basic  changes  in  the 
process  of  formation  of  carbon  fibers  from  PAN  occur  under  the 
influence  of  temperature  in  the  initial  and  final  stages  of 
carboni.zati  on. 

2.3.1.  Changes  occurring  during  decomposition  of  PAN 

PAN  fiber.'  are  made  of  material  consisting  of  a  chain  of 
repeated  elements  with  active  CN  groups  and  triple  bonds.  On 
heating,  PAN  forms  a  ladder  polymer.  The  Intragroup  crosslinking 
causes  that  the  polymer  is  more  stable  and  does  not  melt 


easily  /lb/. 


|k 


- 
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Hoating  above  200  °C  triggers  the  occurrence  of  a  number 
of  reactions  involving  the  evolution  of  HCN,  NH-j  and  other 
volatile  compounds.  At  about  220  °C  oxygen  becomes  built  into 
the  structure,  and  its  entrance  is  connected  with  crosslinking. 

The  amount  of  entering  oxygen  is  8-10%.  During  the  oxidation 
water  volatilizes  causing  that  the  percent  content  of  carbon 
increases  from  30  to 

When  the  tension  is  applied  at  the  stage  of  oxidation 
and  oxygen-crosslinking  between  molecular  chains,  these  chains 
are  taut  and  oriented  narallelly  to  the  fiber  axis,  so  that 
even  after  removal  of  elongating  tension  in  later  periods  of 
heating  the  proper  orientation  is  retained. 

Kesatochkin  and  Grass!  /1 6-1 7/  show  a  number  of  other 
reactions  occurring  in  the  process.  However,  the  most  important 
reaction  remains  the  oxygen-crosslinking. 

In  the  process  of  carbonization  the  fiber  attains  the 
well  developed  ring  structure  of  carbon,  with  small  crystals 
oriented  along  the  axis  of  fiber,  which  provides,  as  said  before, 
a  large  mechanical  strength  and  stiffness. 

Values  of  these  parameters  may  undergo  further  changes 
under  the  action  of  high  temperatures.  These  processes  consist 
primarily  of  rranhi  t.ization  and  recrystallization ,  leading  to 
an  increase  of  r t i f f ness  of  fibers.  For  it  was  found  that  further 
heating  of  carbonized  fibers  with  already  developed  and  oriented 
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Figure  2.  Formation  of  ladder  polymer  from  PAN  chain 
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Figure  3.  Oxygen-erosslinking  and  carbonisation  of  PAN  fibers 


structure  leads  to  an  increase  in  the  modulus  of  elasticity. 

On  the  other  liana,  t he  process  of  graphitization  above  1600  °C 
is  disadvantageous  to  mechanical  strength.  This  strength  suffers 
degradation  up  to  the  temperatures  of  the  order  of  2400-2600  °C 
where  it  undergoes  a  certain  stabilization.  The  dependence  of 
mechanical  strength  on  temperature  in  the  region  of  graphitization 
(1200-3000  °C)  is  shown  in  Figure  4  according  to  Gill  /I  3/. 


Figure  i+.  Changes  in  mechanical  elongation  strength  oR  and  in 
modulus  of  elasticity  e  of  heated  carbon  fibers  from  PAN 

The  course  of  curves  oR=f«(T)  and  E=f (T)  indicates  that 
one  can  control  properties  of  fibers  to  quite  a  great  extent  by 
choosing  a ppropriaU-  conditions  of  the  process  of  heating. 

Physical  and  chemical  properties  of  carbon  fibers 
3.1  .  Physical  properties 

Technical  data  concerning  the  properties  of  carbon  fibers 
are  rather  scant  and  often  controversial.ThiE  is  understandable 
in  view  of  a  rather  short  history  of  fibers  as  reinforcing 
material  and  of  the  fact  that  the  development  work  on  these  fibers 
is  still  going  on. 

Table  3  shows  properties  of  various  carbon  fibers.  For 
comparison!  this  Table  contains  also  relevant  data  concerning 
other  reinforcing  materials. 


Table  3.  Physical  j.ro pert  i  er  uf  carbon  fibers,  and  other 
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Table  3  (contd) 

i  ,‘J 

Horizontal  head  i  rips.  ;/Consecutive  number;/Reinforcing  material; 

Ji  Density  g.cm”  ; /elongation  strength  x  10'  N.m  ; 

1  -P  2h 

..".Modulus  of  oletini  ty  x  10  N.m  -.^Specific  elongation 
strength  x  10^  m;/Specific  modulus  of  elasticity  x  10^  m 


Vertical  headings; 


1 

- 

Carbon 

f  1  her 

V.VB-1  25 

2 

- 

Carbon 

fiber 

GPAFIL  HM 

3 

- 

Carbon 

fiber 

GRAFIL  HT 

4 

- 

Carbon 

fi  ber 

GRAFIL  A 

5 

- 

Carbon 

fiber 

LIGRAFIL  HM 

6 

- 

Carbon 

fiber 

THORNFI.  16 

7 

- 

Carbon 

fiber 

THORNFT,  25 

8 

- 

Carbon 

fi  ber 

THOR NFI.,  40 

9 

- 

Carbon 

fi  her 

THORNFT.  50 

10 

- 

Car bo n 

fiber 

THORMFI.  75 

1 1 

- 

Carbon 

fiber 

FODMOR  1 

12 

- 

Carbon 

fiber 

KOPHOR  II 

1  3 

- 

Carbon 

f  i  ber 

RFFII.  KBW-13 

14 

- 

Glass 

fiber 

}• 

1  5 

- 

Glass 

fiber  . 

16 

- 

Aluminum  wire 

17  -  Beryllium  wire 

18  -  Tungsten  w ire- 

19  -  :;t eel  wire 

cO  -  Composite  wire 

beryllium  on  tungsten 


I 


-  16  - 

✓ 


Figure  9  (left).  curl  on  fibers  ZFFIL  KBW-13  in  the  picture  of 
secondary  electrons;  mnrni fication  21} OX 

Figure  6  (right).  Carbon  fibers  ZFFIL  KBW-1  3  in  the  picture  of 
.sec on< j ary  electrons;  magnification  960X 


Figures  9  and  6  show  fibers  ZFFIL  KBW-1 3  under  magnification 
21} OX  and  960X.  They  were  obtained  by  means  of  an  X-ray  micro- 
analyzer  IX A- 9 A  l'mni  Ji\ui,  company,  pictures  of  secondary  electrons 
show  clear Lj  various  protruberances,  bubbles  and  uneven  forms 
on  surfaces  of  fibers .  These  imperfections  are  reflected  in  low 
mechanical  proi e-iie:  of  these  fibers  (Table  3,  Position  13). 

F on> pari  son  o ph  i  ical  featurer  of  reinforcing  materials, 
presented  I  a  "at  |(  ,  <  niMes  one  to  conclude  that; 

-  the  i<  i  •  of  carbon  fibers  is  several  times  lower  than 

‘.Lai  of  reinforcin'  v'r<:;  it.  is  alto  about  1)  0%  lower  than  the 
ten;  i  t  y  of  /  1  o  .  fi  ot-rt  ; 

-  Liu.  t-1  os;  a  t  j  on  .vt.renrth  of  carbon  fibers  is  about  half 
of  trial  of  glass  fibers;  it  is,  however,  comparable  to  that  of 


-  1?  - 


me la  11  i  c  l'i  tx.  rs  ; 

-  specific  elongation  strength  of  carbon  fibers  ie  within 
the  range  of  the  specific  elongation  strength  of  glass  fibere 
type  F.  This  strength  is  several  times  higher  than  the  specific 
strength  of  metal  wires; 

-  the  stiffness  of  carbon  fibers  is  outstandingly  large. 

The  elasticity  modulus  F  of  carbon  fibers  is  5~7  times  larger 

than  that  of  glass  fibers,  and  by  about  50%  higher  than  the 

modulus  of  metal  wires.  This  advantageous  feature  is  visible 

i 

even  more  when  comparing  respective  values  of  the  specific 
modulus  of  elasticity; 

-  carbon  (graphite)  fibers  distinguish  themselves  very 
favorably  in  their  resistance  to  the  action  of  high  temperatures 
-  see  Table  i\ . 

5.2.  Chemical  resistance 

An  important  feature  of  carbon  and  carbon  fibers  is  their 
chemical  inertness.  Up  to  the  temperature  550  °C  they  are 
chemically  resistant,  with  exception  of  strongly  oxidizing 
agents.  An  important  condition  is  to  prevent  contact  of  fibers 
with  air. 

Comparative  studies  of  the  effect  of  various  chemical 
agents  on  carbon  fibers,  carried  out  by  H.C.W.  Judd  /1 8/,  confirm 
the  large  resistance  of  fibers.  Mechanical  parameters  of  fibers 
exposed  to  the  long  action  of  environment  have  not  deteriorated 
to  any  largo  degree. 


Table  ii .  pelting  temperatures  of  various  reinforcing  materials 


No.  Material  Melting  (*  softening)  temp.,  °C 


1 

Glass  type  R 

846* 

2 

Glass  type  s 

970* 

3 

Glass  type  D 

771* 

4 

Aluminum 

660 

5 

Beryllium 

1 350 

6 

Tungsten 

3410 

7 

Austenic  steel 

1539 

8 

Molybdenum 

2625 

9 

Copper 

1083 

10 

Gra  phi t e 

3592 

Similar  reeulU  were  also  obtained  in  studies  of  resistance 
of  Fnglis n  carbon  fibers  GRAFII  HM,  GRAFIL  HT  and  GRAFIL  A 
to  aggressive  environment  by  G.I,.  Hart  and  G.  Pritchard  /1 9/. 
Other  properties  of  fibers  are  shown  in  Table  5. 


3.3.  Possible  improvements  of  parameters  of  carbon  fibers 


The  modulus  of  elasticity  of  commercially  produced  carbon 

1 0  -2 

fibers  reaches  the  values'  40-90  x  10  N.m  .  On  laboratory  scale 

1 0  -2 

values  of  the  muduliu  come  up  to  70  x  10  N.m  £‘.  The  modulus 
of  elasticity  of  rraphite  monocrystal  in  the  direction  of  axis  (a) 
amounts  to  100  x  I01u  v.m~r  .  Hence,  the  margin  of  increasing 
values  of  the  Young  modulus  is  actually  not  60  large. 


Table  5.  Other  properties  of  carbon  fibers  from  PAN 


Carbon  fiber 

No.  Property  -  -  -  - -  - 

High-modulus  High-strength 


1 

Flongation  (%) 

0.5 

1  .0 

2 

Specific  electrical  resistance 

at  25°C  (jitLca) 

775 

1500 

3 

Coefficient  of  thermal 

expansion.  0-50°c 

(106.  °c“  ) 

1  .62 

(negative) 

0.78 

(negative) 

Theoretically,  mechanical  strength  in  bending  should  be 
F/10.  In  practice  one  obtains  only  f/200  or  p/1 00  for  high-strength 
fibers.  An  improvement  of  technical  parameters  of  fibers  should, 
therefore,  be  attempted  in  this  direction.  This  work  requires 
a  better  knowledge  of  the  sources  of  defects  in  fibers,  and  also 
positive  results  in  attempts  to  improve  their  surface. 

4 .  Applications  of  carbon  fibers.  Conclusions 

Main  advantages  of  carbon  fibers  are;  resistance  to  high 
temperatures,  resistance  to  chemical  action,  high  stiffness  and 
low  density.  On  the  other  hand,  the  shortcoming  is  their 
actual  high  price.  One  has  to  note,  however,  that  a  continuous 
although  slow  reduction  in  the  price  of  carbon  fibers  is  observed. 


Tina  f r.-Jiiu.T  1  lower j  ng  of  price  is  s  een  to  a  result  of  improve¬ 
ment  r  in  production  met  hods  no  well  as  broadening  of  the 
sped  rum  of  aj-pl  i.  cat  ions  and  increase  in  market  demand. 

Ir:  the  initial  period,  carbon  fibers  were  used  exclusively 
in  structures  in  which  properties  of  composite  materials  were 
of  paramount  importance  and  the  price  did  not  play  any  role. 

V/e  speak  here  about  composite  materials  in  cosmic  (space)  ships. 
Elements,  from  materials  with  carbon  fibers  had  maximal  stiffness, 
were  more  resistant  to  the  action  of  high  temperature,  and  they 
considerably  reduced  the  mass  of  structure.  Carbon  elements 
reinforced  with  carbon  fibers  were  used  in  cosmic  vessels 
(spaceships)  also  to  utilize  the  phenomenon  of  ablation 
in  the  use  of  vehicle  parts  exposed  to  particularly  high 
temperatures. 

The  next  domain,  in  which  carbon  fibers  were  used  to 
reinforce  plastics,  was  aviation.  The  use  of  fibers  was  influenced 
by  the  necessity  to  increase  the  degree  of  flight  safety. 

Lightness  combined  with  high  strength  paved  the  way  for 
application  of  composite  materials  with  carbon  fibers  in 
installations  and  machines  for  competitive  sports. 

Possibilities  of  application  of  composite  materials  v/ith 
carbon  fibers  exist  also  in  other  areas,  for  instance  in 
chemistry  and  electrotechnical  industry.  In  chemistry,  for 
instance,  they  could  be  used  in  construction  of  mixers  and 
tanks,  mechanically  strong  and  resistant  to  corrosion. 


-  ,1  - 

In  ulectroli  i::»ro'!uj  y  ,  it  appears  that  carbon  fibers  coaid 
be  ti;  i.d  priii.  u-1  Ip  i.  reinforcing  material  for  metals,  such  as 
copper  and  aluminum,  for  aerial  cables  of  high  mechanical 
strength,  for  traction  cables  of  fast  electrical  trains,  and 
for  fast* rotntiiv-  parts  of  machines.  In  other  applications, 
composites  with  carbon  fibers  may  find  applications  in  the 
construction  of  shielding  and  grounded  protective  covers, 
brushes,  fast  moving  elements  of  computers,  etc. 

The  present  high  prices  of  carbon  fibers  have  restrictive 
effect  on  the  broadening  of  fiber  applications.  It  appears  that 
a  condition  for  considerable  growth  of  interest  in  carbon  fibers 
is  at  least  tenfold  reduction  in  their  price. 

This  discussion  on  carbon  fibers  should  be  supplemented 
with  the  statement  that,  because  of  their  specific  character, 
these  fibers  do  not  are sent  competition  for  the  currently  used 
fibrous  reinforcing  materials.  But  they  are  a  valuable  supplement 
for  this  group  of  materials ,  broadening  the  possibilities  of 


Croat. i nr  composite  materials  with  new  properties. 
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